Pyridoxal phosphate can act as a specific photosensitizer for amino acid residues in rabbit muscle and spinach leaf aldolases, but the residues affected depend on the pH of the reaction. Below pH 8 one histidine residue per enzyme subunit is destroyed; above pH 8.5 there is little loss of histidine, and photoinactivation is associated with the destruction of specific tyrosine residues, particularly the COOH-terminal residues. Pyridoxal and 4-pyridinecarboxaldehyde are much less effective than pyridoxal phosphate at neutral pH, but are similar to pyridoxal phosphate in their photosensitizing activity at the higher pH. We have previously shown (1) that rabbit muscle aldolase is inactivated by photooxidation in the presence of rose Bengal, with the loss of approximately half of the 44 histidine residues in the molecule. Because the modified enzyme still catalyzed formation of the dihydroxyacetone phosphate-Schiff base intermediate and the transfer of the dihydroxyacetone phosphate group from fructose 1,6-diphosphate to aldehyde acceptors, but had lost the ability to cleave this substrate, it was concluded that one or more histidine residues at the active site functioned in the transport of protons to the enzyme-bound intermediate, which is thought (2) to have the structure of a Schiff base carbanion. In support of this hypothesis, it was shown that the photooxidized enzyme also had lost the ability to catalyze the exchange of tritium between dihydroxyacetone phosphate and water. More recently, prompted by the discovery of Rippa and Pontremoli (3) that pyridoxal phosphate can be used as a specific photosensitizing agent for histidine residues in proteins, we have employed this reagent to modify a specific histidine residue at the active sites of rabbit muscle and spinach aldolases (4).
We have previously shown (1) that rabbit muscle aldolase is inactivated by photooxidation in the presence of rose Bengal, with the loss of approximately half of the 44 histidine residues in the molecule. Because the modified enzyme still catalyzed formation of the dihydroxyacetone phosphate-Schiff base intermediate and the transfer of the dihydroxyacetone phosphate group from fructose 1,6-diphosphate to aldehyde acceptors, but had lost the ability to cleave this substrate, it was concluded that one or more histidine residues at the active site functioned in the transport of protons to the enzyme-bound intermediate, which is thought (2) to have the structure of a Schiff base carbanion. In support of this hypothesis, it was shown that the photooxidized enzyme also had lost the ability to catalyze the exchange of tritium between dihydroxyacetone phosphate and water. More recently, prompted by the discovery of Rippa and Pontremoli (3) that pyridoxal phosphate can be used as a specific photosensitizing agent for histidine residues in proteins, we have employed this reagent to modify a specific histidine residue at the active sites of rabbit muscle and spinach aldolases (4) .
We now report that at somewhat more alkaline pH photoinactivation of these enzymes is associated with loss of tyrosine residues, rather than histidine, and specifically the COOH-terminal tyrosine residues. These tyrosine residues had been shown by Drechsler et al. (5) to be required for full activity with fructose 1,6-diphosphate in rabbit muscle aldolase, and we have demonstrated a similar requirement for the COOH-terminal residues in spinach leaf aldolase (6 also been known (7, 8) that the COOH-terminal tyrosine residues are required for the tritium exchange reaction between water and the C-3 proton of dihydroxyacetone phosphate. Thus both the photosensitive histidine and the COOHterminal tyrosine residues appear to be involved in this part of the catalytic process.
A number of analogues of pyridoxal phosphate were also tested for their ability to act as photosensitizers. Pyridoxal and 4-pyridinecarboxaldehyde were much less effective at neutral pH, compared with pyridoxal phosphate, but showed comparable activity at alkaline pH. Other analogues of pyridoxal lacking either the aldehyde or the pyridine were inactive as photosensitizers, although some were potent inhibitors of the enzymes.
MATERIALS
Pyridoxic acid and p-dimethylamino benzaldehyde were obtained from the Sigma Chemical Co. 4-Pyridinecarboxaldehyde, isonicotinic acid, and p-nitrobenzaldehyde were obtained from the Aldrich Chemical Co. Pyridoxine and pyridoxine-P were prepared by borohydride reduction of pyridoxal and pyridoxal-P, respectively. Other compounds were prepared or obtained from commercial sources as previously described (4) .
Rabbit muscle aldolase was prepared by the method of Taylor et al. (9) as modified by Lai (10) . Rabbit liver aldolase prepared by the method of Gracy et al. (11) was kindly supplied by Dr. Ettore Bergamini. Spinach leaf aldolase was prepared as previously described (4). Carboxypeptidase A was purchased from the Worthington Biochemical Co.; other enzymes were obtained from the Boehringer Mannheim Corp.
METHODS
The photoinactivation experiments were carried out as previously described (4) , except that 1 X 7.5 cm Pyrex tubes were used for the illumination of the solutions. The photooxidation experiments were carried out in buffered solutions as indicated, with KCl added to bring the ionic strength to ,u = 0.5. Aldolase activity was assayed as previously described, (4) and pseudo-first order rates of inactivation were calculated from semi-logarithmic plots of the data based on the equation ln Ao/A = k't, where Ao is the initial enzyme activity, and A the activity at the time t.
Carboxypeptidase digestion was carried out at 25°C with carboxypeptidase A (diluted to 0.42 mg/ml with 1 M KCl) added in the indicated ratio to protein substrate. Acid and alkaline hydrolyses and amino acid analyses were performed as previously described, (4) and cyanogen bromide cleavage of carboxymethylated aldolase as described by Lai (10) and Koida et al. (12) 
RESULTS

Photoinactivation of rabbit muscle aldolase by pyridoxal-P and related compounds
By carefully controlling the rate of stirring, the ionic strength, the surface to volume ratio, and the conditions of illumination, we were able to follow the pseudo-first order kinetics of the photoinactivation reaction, which was found to be directly proportional to the concentration of photosensitizer over a wide range. A number of analogues of pyridoxal phosphate were compared for their efficiency in promoting photoinactivation. At pH 8.0 pyridoxal-P was far more effective than was pyridoxal, and compounds containing the pyridine ring but lacking the aldehyde group were inactive (Table 1) . Compounds containing the benzene ring rather than the pyridine ring, although electronic analogues of pyridoxal (13), were completely inactive as photosensitizers. At pH 8.8 the rate of photoinactivation increased substantially, and the difference between pyridoxal-P and pyridoxal was largely eliminated. When the rate was studied over the pH range from 6 to 9 ( Fig. 1 ), compounds such as pyridoxal or 4-pyridinecarboxaldehyde were found to be active only above pH 7.2, while pyridoxal phosphate showed a biphasic curve with activity throughout the neutral pH range. The results suggested a qualitative difference in the reaction in the neutral and alkaline pH ranges, and this was confirmed by the amino acid analysis of the photooxidized enzyme.
Loss of amino acid residues in photoinactivated enzymes
We have previously shown that photoinactivation at pH 7.5 is specifically associated with loss of histidine residues (4). In contrast, at pH 8.8 there was significant destruction of tyrosine with little or no loss of histidine with pyridoxal-P and 4-pyridinecarboxaldehyde (Table 2) . With these photosensitizers 4-5 tyrosine residues were destroyed per mole of enzyme; with pyridoxal the number was somewhat larger. There was no loss of tryptophan or methionine, and little, if any, destruction of cysteine.
It appears that specifically the COOH-terminal tyrosine residues are lost in photooxidation at alkaline pH. After resulted in destruction of most of the COOH-terminal tyrosine residues, as measured by digestion with carboxypeptidase (Table 4) . When aliquots were taken for analysis after complete acid hydrolysis, it was found that 3-6 moles of tyrosine tt Protein concentration = 0.03 mg/ml.
were destroyed in the photooxidized enzyme with no loss of histidine. We have previously shown (6) that spinach aldolase is composed of 4 subunits, but that only a maximum of 2-3 tyrosine residues could be released by carboxypeptidase A, possibly because of proteolytic modification during isolation of the enzyme.
Isolation of the COOH-terminal cyanogen bromide peptides
To establish that photoinactivation at the higher pH did not simply render the COOH-terminal tyrosine residues inaccessible to photooxidation, we isolated the COOH-terminal peptides after treatment with cyanogen bromide. A largescale photoinactivation experiment was carried out with rabbit muscle aldolase in the presence of pyridoxal. The product was isolated by precipitation with trichloroacetic acid and reduced and carboxymethylated (14) . Cyanogen bromide cleavage and separation of the peptides were performed as described by Lai (10) . Amino acid analysis of the COOH-terminal peptide, which in the native protein contains 4 tyrosine residues (10) , yielded values of 3.0-3.1 tyrosines per mole of peptide. Carboxypeptidase released only 0.15 equivalent of tyrosine from this peptide. 02 requirement for photoinactivation Under the conditions of photooxidation employed here, the rate of inactivation was independent of the protein concentration over a range of 0.05-2.0 mg/ml. At higher concentrations of protein the initial rapid rate of inactivation was not § Photoinactivated for 6 min to 1 % residual activity.
Proc. Nat. Acad. Sci. USA maintained and this decrease could be ascribed to limitation of oxygen. The ratio of photoinactivation decreased by 10- fold when the air in the vessels was replaced with N2.
Photoinactivation of other glycolytic enzymes Unlike rabbit muscle aldolase and spinach aldolase, aldolase from rabbit liver is resistant to photoinactivation with pyridoxal-P or any of its analogues (Table 5 ). It is noteworthy that in this enzyme the removal of the COOH-terminal tyrosine residues with carboxypeptidase does not markedly affect the catalytic activity (7) . With a-glycerophosphate dehydrogenase the rate of photoinactivation with pyridoxal phosphate was similar to that observed with spinach and muscle aldolases, but the nonphosphorylated analogues were much less effective at alkaline pH. The effect of pH was also much less marked in the photoinactivation of glyceraldehyde-3-P dehydrogenase, glucose-6-P dehydrogenase, and hexokinase. The two isomerases tested were both resistant to photoinactivation. Domschke (4) , and the inactivation was nearly complete with the loss of only one histidine per polypeptide chain, in contrast to rose Bengal, which was much less specific and resulted in the destruction of nearly half of the histidine residues in the protein. We have now shown that the specificity for pyridoxal-P in this selective destruction of a histidine residue in rabbit muscle and spinach aldolases is nearly absolute. At higher pH, where tyrosine rather than histidine is destroyed, pyridoxal and 4-pyridinecarboxaldehyde, in addition to pyridoxal phosphate, were effective photosensitizers. Compounds lacking either the pyridine ring or the aldehyde group were inactive. There appear to be important differences in the dark inhibition or inactivation of aldolase by pyridoxal phosphate (4, 17) and the photoinactivation described here. Thus the dark reaction with pyridoxal phosphate is competitive with substrate or substrate analogues, such as hexitol diphosphate. The dark reaction also shows saturation kinetics, and we have confirmed the previous observation (4) that formation of a Schiff base with pyridoxal-P reaches a maximum of 4 moles bound per mole of rabbit muscle aldolase, with half saturation at 3.3 X 10-4 M. On the other hand, photoinactivation is much more rapid than the dark inactivation and remains proportional to sensitizer concentration at concentrations as high as 10-1 M. Neither fructose 6-phosphate nor hexitol diphosphate protects against photoinactivation with pyridoxal-P (4).
The striking change in sensitivity from histidine to tyrosine residues between pH 8.0 and 8.5 suggests that the protein undergoes a change in conformation in this pH range, or that the sensitizers react at different sites at the two pH values.
The sensitivity of rabbit muscle and spinach aldolases to photoinactivation by pyridoxal-P or 4-pyridinecarboxaldehyde is in sharp contrast to the resistance of rabbit liver aldolase. Since liver aldolase appears to lack the recognition site for the 6-phosphate group of the substrate, this would indicate that this may be the site of photooxidation. Other enzymes are also less susceptible, or completely resistant, and a specific region capable of interacting with the pyridine aldehyde structure is apparently required. As suggested by Rippa et al. (3) and confirmed by Benesch et al. (18) with hemoglobin, pyridoxal-P can act as a bifunctional reagent, and it may prove to be a specific probe for active sites in enzyme molecules.
